Many siRNAs and shRNAs are toxic to cancer cells through a 6mer seed sequence (position 2-7 of the guide strand). A siRNA screen with all 4096 possible 6mer seed sequences in a neutral RNA backbone revealed a preference for guanine in positions 1-3 and a GC content of >80% of the 6mer seed in the most toxic siRNAs. These 6mer seed containing siRNAs exert their toxicity by targeting survival genes which contain GC-rich 3'UTRs. The master tumor suppressor miRNA miR-34a was found to be toxic through such a G-rich 6mer seed suggesting that certain tumor suppressive miRNAs use a toxic 6mer seed to kill cancer cells. An analysis of all mature miRNAs suggests that most miRNAs evolved to avoid guanine at the 5' end of the 6mer seed sequence of the predominantly expressed arm. In contrast, for many tumor suppressive miRNAs the predominant arm contains a G-rich toxic 6mer seed, presumably to eliminate cancer cells.
3 with the highest G content towards the 5' end of the seed. We demonstrate that their toxicity can be explained by targeting survival genes with high GC content in their 3'UTR. We also report that many tumor suppressive miRNAs contain G-rich 6mer seeds which are more toxic in our screen than the seeds found in oncogenic miRNAs. miR-34a was found to be one of the most toxic miRNAs and most of its toxicity comes from its 6mer seed sequence. We found that mature miRNAs from older and more conserved miRNAs contain less toxic seeds. Our data provide an explanation as to why certain miRNAs predominantly express the 5p arm whereas others express mostly the 3p arm. We demonstrate that for most miRNAs the more abundant mature form corresponds to the arm that contains the less toxic seed. In contrast, for major tumor suppressive miRNAs, the mature miRNA is derived from the arm that contains the more toxic seed. Our data allow us to conclude that while most miRNAs have evolved to avoid targeting survival and housekeeping genes, certain tumor suppressive miRNAs have evolved to kill cancer cells through a toxic G-rich 6mer seed.
RESULTS

Identifying the Most Toxic 6mer Seeds
To test the effect of any 6mer seed present in the guide strand of an siRNA on the survival of cancer cells we recently designed a neutral 19mer oligonucleotide scaffold with two nucleotide 3' overhangs (Murmann et al., 2018) . 6mers could be inserted at positions 2-7 of the guide strand. To block loading of the passenger strand into the RISC complex the sense strand was modified at positions 1 and 2 by 2'-O-methylation ( Figure 1A) . Transfection efficiency and conditions were optimized for each cell line used. To determine the general rules of targeting that underlie the observed toxicity, we screened all possible 4096 6mer seed sequences in this 19mer scaffold for toxicity. This allowed us to rank all 4096 6mer seeds according to their toxicity ( Figure 1B, Table  S1 , and 6merdb.org). This activity was likely mediated by RNAi, as knockdown of AGO2 abolished the toxicity of the two most toxic siRNA duplexes (Figure S1A) . Consistent with the 6mer seed of the siRNAs mediating toxicity, the seeds of 4 previously tested siRNAs derived from CD95L (Hadji et al., 2014) in this screen were about as toxic as the full length siRNAs, with siL3 Seed being most toxic followed by siL2 Seed and less or no toxicity associated with siL4 Seed and siL1 Seed (Figure 1B) . There was substantial agreement in the toxicity of the transfected 4096 seed duplexes between the human HeyA8 cells and the mouse liver cancer cell line M565 (Figure S1B ), suggesting some of the rules governing 6mer seed toxicity are conserved between mouse and human. We noticed the nucleotide composition of the two seeds of the toxic siRNAs previously discovered (siL3 and siL2) had a higher G content than that of the seeds of the two non-toxic siRNAs (siL4 and siL1, Figure 1B) . By analyzing the screen results of the 4096 seeds in both the human and the mouse cell line (Figure S1C) , we found that G-rich seeds appeared to be more toxic than C-rich seeds. The least toxicity was found with seeds with a high A content. To test the effect of high G content on toxicity directly, we selected and retested the 19 seed duplexes with the highest content (>80%) for each of the four nucleotides and tested these 76 duplexes in two human (HeyA8 and H460, lung cancer) and two mouse (M565 and 3LL, lung cancer) cell lines (Figure 1B) . The reanalysis also allowed us to determine the reproducibility of the results obtained in the large screen (which for technical reasons had to be performed in three sets). Both the data on the HeyA8 and the M565 cells were highly reproducible especially for the most toxic seeds (Figure S2A) . When the data on the four cell lines were compared, it became apparent that in all cell lines the G-rich seeds were by far the most toxic followed by the C-rich, U-rich and A-rich seeds (Figure 1B) . This indicates it is mostly the G content that determines toxicity.
Most genome-wide siRNA libraries designed to study functions of individual genes are highly underrepresented in G and C to increase RNAi activity (Bramsen et al., 2009 ). An example of the nucleotide representation in each of the 6 seed positions in one of the commercial siRNA libraries is shown in Figure S2B (left panel). In contrast, our complete set of 6mer seed duplexes allowed to test the contributions of all four nucleotides in each of the 6 seed positions (Figure S2B, right panel) . Analysis of the most C-rich seeds revealed that the identity of the nucleotide at different seed positions influences toxicity (purple box in Figure 1B) . Their toxicity decreased in all four cell lines when a single C to A replacement was moved from the 5' to the 3' end of the seed (stippled grey lines in Figure 1B) . To determine the nucleotide content of the most toxic seed, we averaged the nucleotide content at each of the 6 positions of either the 200 most or 200 least toxic seed duplexes for HeyA8 cells (highlighted in red and green in Figure 1B ) or for M565 cells (Table S1 ). In both cell lines, we noticed that a high G content towards the 5' end of the seed was the most toxic, while C was most toxic in position 6 ( Figure 2B) . In contrast, nontoxic seeds were much more A and U-rich again with an asymmetry of U predominating toward the 5' end and A at the 3' end of the seed.
siRNAs with Toxic Seeds Target Housekeeping Genes Enriched in C-rich Sequences
Seed sequences rich in G towards their 5' end are most toxic, which suggests they target genes important for cell survival carrying seed matches rich in C in their 3' UTR. To determine whether such genes existed, we performed a Matrix Motif search using the PMWScore tool (PMWTools, http://ccg.vital-it.ch/pwmtools). To be most stringent, the nucleotide composition of the 20 most toxic seeds (Figure 2A ) was used to generate a matrix and all human 3'UTRs were screened for the best single hits (Table S2) . When this list, ranked according to the highest score, was subjected to a gene ontology analysis, using GOrilla, the GO terms with the lowest pvalues (<10 -11 ) were consistent with the affected genes being important for cell survival (Figure 2B) . They included a number of biosynthetic and metabolic processes. This was not found when the ranking of the list was reversed (Figure S3A) . To determine whether genes with the highest scores carried specific seed matches, would be targeted by G-rich seeds, or were overall GC-rich, we compared the nucleotide content of the 3'UTR of genes with the highest PWM score (>400, 4288 genes) with a group of the lowest scoring genes of a similar size (<90, 4834 genes) ( Figure S3B ). Compared to the average nucleotide content of all 3'UTRs which are known to be rich in A and U (Mignone, Gissi, Liuni, & Pesole, 2002) , the genes with a PWM score >400 had a higher G content and an even higher C content when compared to the genes with a score <90. This suggested that the genes targeted by G-rich seed-containing siRNAs did contain motifs with a higher C content but they were also overall somewhat richer in G. This also suggested that survival/housekeeping genes would have a higher GC content than nonsurvival genes. An analysis of a group of ~1800 survival genes and ~400 nonsurvival genes confirmed this prediction and a subpopulation of survival genes had a higher C content (different peak maxima in Figure 2C ). To determine whether GC-rich sites occurred at specific locations within 3'UTRs, we plotted the position of the first best match in 3'UTRs identified with either the toxic or the nontoxic matrix ( Figure 2D) . Consistent with an analysis of single nucleotide distribution in all human coding genes (Louie, Ott, & Majewski, 2003) , we found the first best matches of GC-rich targets complementary to the toxic matrix to be within 100 nts of the stop codon whereas sequence motifs complementary to the nontoxic matrix were further away (>200 nts). When testing the subset of survival and nonsurvival genes, it appeared the first best seed matches within the toxic matrix of the 3'UTRs of survival genes were closer to the 3'UTR start site than in nonsurvival genes. This big difference in peak maxima was not seen when the analysis was repeated with the nontoxic matrix ( Figure S3C) .
We had previously postulated that 6mer seed toxicity could be an anticancer mechanism and predicted that small RNAi active guide RNAs would be involved in killing cancer cells (Putzbach, Gao, Patel, Haluck-Kangas, et al., 2017) . Consistent with this hypothesis, an analysis of published data on point mutations in the exomes of 27 different human cancer showed that losing a C is the predominant point mutation across all cancers (Lawrence et al., 2013) . Frequencies of such point mutations ranged from >60% (in acute myeloid leukemia) to >90% (in cervical cancer) (Figure 2E) . Remarkably, the frequency of the loss of C was independent of the mutational load of cancers.
We noticed that two of the five significantly enriched Top Regulator Effect Networks of genes identified in the PWM analysis when analyzed with Ingenuity Pathway Analysis (IPA) were regulated by two miRNAs with G-rich seed sequences ( Figure S4 ). They are predicted to repress expression of genes that promote proliferation of tumor cells, DNA and RNA transcription, and cellular homeostasis. The two 6mer seeds of the miRNAs were highly toxic in our screen (Figure S4, 6merdb .org). This result raised the question of whether certain miRNAs could be killing cancer cells by targeting survival and housekeeping genes using toxic 6mer seeds.
Tumor Suppressive miR-34a Kills Cancer Cells through Its Toxic 6mer Seed
To test whether certain miRNAs could kill cancer cells through the toxic 6mer seeds we identified, we analyzed the seed toxicity determined in our screen of all known ~2600 mature miRNAs expressed as either a 3p or 5p version (Figure 3A, 6merdb .org). While none of the 6mer seeds present in the most oncogenic miRNAs (miR-221/222, miR-21, miR-155, the miR-17~92 cluster (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a) , its paralogues the miR-106b~25 cluster (miR-106b, miR-93 and miR-25), and the miR-106a~363 cluster (miR-106a, mR-18b, miR-20b, miR-19b-2, miR-92-2 and miR-363) ) were toxic (reduced viability >50%, stippled line in Figure 3A) , two of the major tumor suppressive miRNA families, miR-15/16 and miR-34a/c and miR-34b contained toxic seeds. This suggests these two families were killing cancer cells through toxic 6mer seeds. Interestingly, two other major tumor suppressive families, let-7 and miR-200, were not found to contain toxic G-rich seeds, suggesting that they may be tumor suppressive through other mechanisms such as inducing and maintaining cell differentiation (Peter, 2009) .
When transfecting the pre-miRs of miR-34a, miR-15a and let-7a into HeyA8 cells, the potency of these three miRNAs to reduce cell growth mimicked the toxicity of their 6mer seed containing siRNAs (Figure 3B) . This suggested that a large part of their toxicity comes from the composition of the seed position 2-7. The most toxic seed in a major tumor suppressive miRNA was present in miR-34a/c, a master regulators of tumor suppression (Agostini & Knight, 2014) . We directly compared the toxicity of pre-miR-34a and miR-34a Seed in the same assay ( Figure 3C) . Strikingly, the toxicity evoked by these two RNA species were virtually identical. Cells showed the typical morphology we found in cells dying from toxic siRNAs ( Figure 4D ) (Hadji et al., 2014; Putzbach, Gao, Patel, van Dongen, et al., 2017) . To determine the contribution of the 6mer seed sequence of miR-34a to its toxicity and the mode of cell death, we performed a RNA-Seq analysis on HeyA8 cells transfected with either pre-miR-34a or just its toxic seed in the neutral scaffold (miR-34a Seed ) (Figure 3E , top left) ( Table S3 ). While pre-miR-34a targeted a set of genes that were not affected by miR-34a Seed , the majority of genes (>72%) were targeted by both the premiR and the 6mer seed duplex ( Figure  3E , bottom left). Both duplexes caused a similar and highly effective downregulation of the mRNAs that carry a matching 6mer seed match (Figure 3F ) resulting in a very similar loss of survival genes when compared to set of genes not involved in cell survival ( Figure 3G) . Finally, the genes downregulated by both the premiR and the 6mer seed construct were highly enriched in genes involved in regulation of cell cycle, cell division, DNA repair, and nucleosome assembly (Figure 3E , right), the same GO terms that we found enriched in downregulated genes in cells dying after transfection with siRNAs containing toxic 6mer seeds (Putzbach, Gao, Patel, van Dongen, et al., 2017) . These data suggest that miR-34a kills cancer cells using its toxic 6mer seed. While optimal miRNA targeting requires at least a 7mer seed interaction and also involves nucleotides at positions 13-16 of the miRNA (Grimson et al., 2007) , the cell death inducing activity of this tumor suppressive miRNA may only require the 6mer seed.
Toxic 6mer Seeds Determine miRNA Strand Selection
Toxic 6mer seeds may be a driving force in miRNA evolution, whereby toxic seed sequences are either selected against -because they contribute to cell toxicity -or are preserved to operate as tumor suppressors. Based on the composition of toxic 6mer seeds and the enrichment of GC-rich motifs in survival genes, we could now ask if and when miRNAs that contain toxic G-rich sequences in positions 2-7 of their seeds evolved. When comparing all miRNAs annotated in TargetScan Human 7, we noticed that miRNAs in highly conserved miRNA seed families contained seed sequences that were much less toxic in our screen than seeds in poorly conserved miRNAs (Figure 4A , left panel). Consistent with our analysis on the effect of nucleotide content on seed toxicity, the 6mer seed of poorly conserved miRNA seed families had a balanced nucleotide composition in all 6 seed positions with a slight excess of G (Figure S5 , far left). In contrast, many miRNA seed families that were highly conserved from humans to zebrafish had replaced G in the first three seed positions with the nontoxic A (Figure S5 , far right). Interestingly, the loss of G in these positions is consistent with the asymmetry we found with G being more toxic when positioned towards the 5' end of the seed (see Figure 2A ). In addition, highly conserved miRNA seed families somewhat avoid either G or C in position six. Weakly conserved miRNA seed families would be expected to be younger in evolutionary age than highly conserved ones. Consistent with this assumption we found that the 6mer seeds of younger miRNAs (<10 million years old) were more likely to be toxic to cells than the ones of older miRNAs (>800 million years old) (V. D. Patel & Capra, 6 2017) (Figure 4A , right panel). Most importantly, when comparing miRNAs of different ages, it became apparent that seeds of miRNAs over the last 800 million years were gradually depleted of G beginning at the 5' end and eventually also affecting positions 3-5 until the oldest ones, where G was no longer the most abundant nucleotide in any of the six positions ( Figure 4B ). It was replaced by A and U. These analyses indicated that miRNAs that are highly conserved and highly expressed in cells avoid G in potentially toxic seed positions.
miRNAs are expressed as pre-miRs and usually only one major species of mature miRNA (either the 5p or the 3p arm) is detectable in cells produced from one of the two strands of the premiR stem (Meijer, Smith, & Bushell, 2014) . Consistent with the assumption that cells cannot tolerate toxic 6mer seeds, we now found that across the 780 miRNAs which have been shown to give rise to a 3p and a 5p arm, the more highly expressed arm is predicted to be significantly less toxic than the lesser expressed one (Figure 4C) . This not strongly suggested that miRNAs with toxic seeds exist and are not readily expressed but it also allowed us to provide a new explanation for miRNA strand selection. This analysis, however, did not consider the possibility that certain miRNAs such as miR-34a may have evolved to kill cancer cells using a toxic seed. In these cases, one would actually expect the dominant arm to carry the more toxic seed. To test this assumption, we ranked all 780 miRNAs according to their ratio of the toxicity of the 6mer seed present in the predominant arm to the toxicity of the seed present in the lesser arm (Table S4 ). When we labeled the major tumor suppressive and oncogenic miRNAs, we noticed that the highly expressed arm of most of the oncogenic miRNAs contains a 6mer seed that was not toxic in our screen (Figure 4D , green dots). In contrast, for almost all tumor suppressive miRNAs the dominant arm contained a seed much more toxic than the lesser arm ( Figure 4D , red dots). The overall difference in ratio between the two groups of miRNAs was highly significant. A more detailed analysis of these data revealed that the three oncogenic miRNAs with the highest ratio in toxicity between their arms, miR-363, miR-92a-2, and miR-25 were almost exclusively expressed as the nontoxic 3p form (Figure 4E, top) . In contrast, the dominant arm of the three tumor suppressive miRNAs miR-34a, miR-34c, and miR-449b contained the most toxic seed sequence (Figure 4E, bottom) . Interestingly, miR-449b has the same seed sequence as miR-34a and has been suggested to act as a backup miRNA for miR-34a (Concepcion, Han, et al., 2012) . These data are consistent with most tumor suppressive miRNAs using the 6mer seed toxicity to kill cancer cells and suggest that this mechanism developed hundreds of millions of years ago.
DISCUSSION The Toxic Seed Screen
We recently postulated the existence of small RNAi-active sequences that are highly toxic to cancer cells (Putzbach, Gao, Patel, Haluck-Kangas, et al., 2017) . However, identifying all of them in a screen is not feasible, as a 19mer duplex siRNA would have 270 billion different sequence combinations. While miRNAs effectively target through stable 7mer seed pairing (16,348 combinations) , effective targeting also involves 3' sequences in the guide strand (Grimson et al., 2007) , again precluding a systematic screen for toxic sequence elements. We previously discovered that a fundamental cell type and species-independent form of seed sequence specific toxicity is determined by a 6mer seed sequence in si-/shRNAs (Putzbach, Gao, Patel, van Dongen, et al., 2017) . To test the activity of any seed, we recently modified a neutral nontoxic 19mer siRNA backbone in a way that allows testing of only the guide strand by adding two 2'-O-methylation groups to positions 1 and 2 of the passenger strand (Murmann et al., 2018) . This blocked loading of the passenger strand into the RISC and has now allowed us to test all 4096 possible 6mer seed sequences in a neutral siRNA duplex scaffold to determine the rules that govern 6mer seed toxicity. By ranking the 4096 6mer seeds from most toxic to least toxic, we could determine the most toxic seed composition for human and mouse cells. Our data now allow to predict the 6mer seed toxicity of any siRNA, shRNA miRNA (http://6merdb.org).
Sequence specific RNAi toxicity has been reported before (Fedorov et al., 2006; Petri & Meister, 2013) . However, most of these studies involved either testing all possible si/shRNAs targeting one specific gene (Birmingham et al., 2006; Jackson et al., 2003) or using genome-wide siRNA libraries (Karlas et al., 2016; Mohr, Smith, Shamu, Neumuller, & Perrimon, 2014; Whitehurst et al., 2007) . These studies were limited by the nucleotide sequences of the targeted genes or the composition of the siRNA libraries. Almost all commercial siRNA libraries are designed using specific rules that ensure efficient and specific knockdown (Bramsen et al., 2009) . They lack GC-rich sequences in their seeds as these were found to be ineffective in mediating RNAi (Gu et al., 2014; Ui-Tei et al., 2004) . Our comprehensive screen now allows us to assign to all si-and shRNA a toxicity score and we provide evidence that this score can also be applied to miRNAs.
The Rules of Targeting
Our comprehensive and strand-specific analysis revealed that G-rich seeds are much more toxic than C-rich seeds, followed by U-rich seeds and no detectable toxicity in highly A-rich seeds. The preference for G richness in highly toxic 6mer seeds was confirmed with four different cell lines representing different species, cancers, and tissues of origin. Interestingly, the toxicity of a number of tumor suppressive miRNAs could also be predicted solely on the basis of their 6mer seed sequences, suggesting the rules of this toxicity are not limited to si/shRNAs. When analyzing the most toxic seeds, we found an asymmetry of high G content towards the 5' end of the seed and high C content in position 6 of the seed. The enrichment of G in the first 2-3 positions of the seed is consistent with the way Ago proteins scan mRNAs as targets. This involves mainly the first few nucleotides (positions 1-3) of the seed (Chandradoss, Schirle, Szczepaniak, MacRae, & Joo, 2015) . Using a sequence matrix based on the most and least toxic 6mer seeds, we scanned 3'UTRs of survival and nonsurvival genes. We found that survival genes are enriched in CG-rich regions that are close to the 3'UTR start when compared to nonsurvival genes or when using the nontoxic AU-rich matrix.
Toxic 6mer Seeds Used by Tumor Suppressive miRNAs
When miRNAs were discovered to play a role in cancer, they were categorized as tumor-promoting and tumorsuppressing miRNAs (Esquela-Kerscher & Slack, 2006) . While many miRNAs have multiple, and sometimes contradictory, activities, depending on the nature of their targets in a given cell, a number of miRNAs act predominantly oncogenic or tumor suppressive in most cancers. miR-34a is arguably the most tumor suppressive miRNA as it has been shown to be toxic to most cancer cells (Hermeking, 2010) . Our strandspecific 6mer seed screen and RNA-Seq analysis revealed that the seed of miR-34a-5p accounts for most of miR-34a's toxicity to cancer cells.
Traditionally, scientists have attempted to explain tumor-promoting or tumor-suppressive activities of miRNAs by identifying targets that are either tumor-suppressive or oncogenic, respectively (Esquela-Kerscher & Slack, 2006) . Examples of targets of tumor-suppressive miRNAs are the oncogenes Bcl-2 for miR-15/16 (Balatti, Pekarky, Rizzotto, & Croce, 2013 ) and miR-34a or c-Myc for miR-34a (Slabakova, Culig, Remsik, & Soucek, 2017) . However, particularly for miR-34a, the major oncogenic targets have never been identified. Intense studies have resulted in a bewildering list of potential targets (summarized in (Slabakova et al., 2017) ). Over 700 targets implicated in cancer cell proliferation, survival, and resistance to therapy have been described (Slabakova et al., 2017) . Our data now suggest that certain tumor-suppressive miRNAs such as miR-34a use 6mer seed toxicity to target hundreds of housekeeping genes. While miRNAs have always been viewed as targeting entire networks of genes, they are still being studied by identifying single important targets. Our data now provide the means to rationally design new miRNA mimicking anti-cancer reagents that attack networks of survival genes.
miR-34a and Its Clinical Utility
Two important properties of miR-34a are consistent with it exerting its tumor suppressive activity through its toxic 6mer seed: 1) miR-34a is a conserved miRNA first discovered in C. elegans (Yang et al., 2013) . In humans, miR-34a is highly expressed in many tissues (http://mirnamap.mbc.nctu.edu.tw). Consistently, miR-34a exhibits low toxicity to normal cells in vitro and in vivo (Di Martino et al., 2012) . If one assumes most of its toxicity comes from its toxic 6mer seed sequence, these reports are consistent with our observation that mice treated with toxic siRNAs while slowing down tumor growth showed no signs of toxicity to normal tissues (Murmann et al., 2017) . In contrast, in cancer cells miR-34a,b,c become highly expressed after genotoxic stress as they are p53-regulated (He et al., 2007) . 2) miR-34a was reported to be especially active in killing CSCs (summarized in (Agostini & Knight, 2014) ). This activity is consistent with our data that demonstrated that toxic 6mer seed containing siRNAs predominantly affect CSCs (Ceppi et al., 2014) . In 2013, miR-34a (MRX34) became the first miRNA to be tested in a phase I clinical trial of unresectable primary liver cancer (Beg et al., 2017) . The study was recently terminated and reported immune-related adverse effects in several individuals. It was suggested that these adverse effects may have been caused by either a reaction to the liposome-based carrier or the use of double-stranded RNA (Slabakova et al., 2017) . In addition, they may be due to an undesired gene modulation by miR-34a itself. Alternative forms of delivery were suggested to possibly improve this negative outcome (Slabakova et al., 2017) .
We now demonstrate that miR-34a miRNA exerting toxicity mostly through its 6mer seed. This suggests that its 700 known targets may be part of the network of survival genes that are targeted. Our data would suggest to analyze the treated patients to determine whether the toxicity seen was due to targets specific to pre-miR-34a in noncancer cells rather than the toxic miR-34a 6mer seed. The comparison of the RNA-Seq data of cells treated with either pre-miR-34a or miR-34 Seed now allows to determine whether these two activities can be separated.
The Evolution of miRNAs
It was shown before that miRNAs overall avoid seed sequences that target the 3'UTR of survival/housekeeping genes (Stark, Brennecke, Bushati, Russell, & Cohen, 2005; Zare, Khodursky, & Sartorelli, 2014) . Survival genes therefore are depleted in seed matches for the most abundant miRNAs in a cell. That also means 3'UTRs of survival genes must be enriched in sequences not targeted by the seeds present in most miRNAs. Our combined data now suggest it is these sequences that toxic siRNAs and tumor suppressive miRNAs with toxic 6mer seeds are targeting. Our analyses also suggest that most miRNAs have evolved over the last 800 million years by gradually depleting G in their seeds beginning with the 5' end (see Figure 4B ). While evolution has selected to reduce the number of seed matches in the 3'UTR of survival genes for abundant miRNAs, we realized that every cell has a powerful suicide mechanism built in: the production of small RNAi-active sequences that target the sites that are avoided by most miRNAs. Expressing miRNAs with such toxic seeds could be an effective way to eliminate unwanted cells. After characterizing the most toxic 6mer seeds, we identified miRNAs that mediate toxicity through inducing this death mechanism. In addition, we discovered a rationale for the strand selectivity of many miRNAs. All miRNAs are processed from the pre-miR stem loop structure, and the mature miRNA, which acts as guide strand once loaded into the RISC, can be derived from either the 5' (5p) and in the 3' arm (3p), while the other arm is degraded. Our data now suggest that during evolution, the most abundant miRNAs have evolved to use the arm with the lower 6mer seed toxicity as the active guide strand, presumably to avoid killing cells. In most but not all cases this is the 3p arm (data not shown). The predominant strand contains the toxic seed in only a minority of tumor-suppressive miRNAs. In fact, just by ranking miRNAs according to whether they express the arm with the seed of higher toxicity, we could separate established oncogenic from tumor suppressive miRNAs (see Figure 4D ). Using this method, it is now possible to identify novel tumor suppressive miRNAs (see 6merdb.org).
In summary, we have determined the rules of RNAi targeting by toxic 6mer seeds. These rules allowed us to predict with some certainty which si/shRNA sequence and which miRNA has the potential to kill cells through their toxic seed. Interestingly, toxic 6mer seeds are present in a number of tumor-suppressive miRNAs that can kill cancer cells. Our data also provide new insights into the evolution of miRNAs and provide a new rationale to explain miRNA strand selection.
METHODS
Reagents and Antibodies
HeyA8 (RRID:CVCL_8878) and H460 (ATCC HTB-177) cells were cultured in RPMI1640 medium (Cellgro Cat#10-040) supplemented with 10% FBS (Sigma Cat#14009C) and 1% L-Glutamine (Corning Cat#25-005). 3LL cells (ATCC CRL-1642) were cultured in DMEM medium (Gibco Cat#12430054) supplemented with 10% FBS and 1% L-Glutamine. Mouse hepatocellular carcinoma cells M565 cells were described previously (23) and cultured in DMEM/F12 (Gibco Cat#11330) supplemented with 10% FBS, 1% L-Glutamine and ITS (Corning #25-800-CR). Anti-Argonaute-2 antibody (cat#ab186733) was purchased from Abcam, the anti-βactin antibody from Santa Cruz (#sc-47778).
siRNA Screens and Cell Viability Assay
The nontoxic siRNA backbone used in the 4096 screen was designed as previously described (26). Briefly, the siNT2 sequence was used as a starting point and four positions in the center of siNT2 were replaced with the complementary nucleotides in order to remove any identity between the backbone siRNA and the toxic siL3 while retaining the same GC content. Two 2'-O-methylation groups were added to positions 1 and 2 of the passenger strand. The 6mer seed region (position 2-7 on the guide strand) were then replaced with one of the 4096 possible seeds. Transfection efficiency was optimized for each of the four cell line individually. For HeyA8 and M565 cells, the reverse transfection and the quantification of cellular ATP content in the 4096 seed duplexes screen was done as previously described (26). For 3LL and H460 cells, the repeat screen with the 76 duplexes were done in a very similar manner except that the amount of RNAiMAX and the number of cells plated. For 3LL cells, 150 cells per well in 384 well plate was added and 9.3 µl of Lipofectamine RNAiMax was mixed with 990.7 µl of Opti-MEM. For H460 cells, 420 cells per well in 384 well plate was added and 7.3 µl of Lipofectamine RNAiMax was mixed with 993.7 µl of Opti-MEM.
Transfection with Short Oligonucleotides
For an IncuCyte experiment, HeyA8 cells were plated in 50 µl antibiotic free medium in a 96 well plate at 1000 cells/well, and 50 µl transfection mix with 0.1 µl RNAiMAX and siRNAs or miRNA precursors were added during the plating. For AGO2 knockdown experiment, 100,000 cells/well HeyA8 cells were reverse-transfected in six-well plate with either non-targeting (Dharmacon, cat#D-001810-10-05) or an AGO2 targeting siRNA SMARTpool (Dharmacon, cat#L004639-00-005) at 25 nM. 1 µl RNAiMAX per well was used for HeyA8 cells. Twenty-four hours after transfection with the SMARTpools, cells were reversed-transfected in a 96-well plate with siNT2, si2733, or si2733 (see Table S1 ) at 10 nM and monitored in the IncuCyte Zoom. 0.1 µl/well RNAiMAX was used. 48 hours after transfection, cells were lysed in RIPA buffer for western blot analysis as described previously in (22).
All custom siRNA oligonucleotides were ordered from integrated DNA technologies (IDT) and annealed according to the manufacturer's instructions. The following siRNA sequences were used: siNT1 sense: rUrGrGrUrUrUrArCrArUrGrUrCrGrArCrUrArATT; siNT1 antisense: rUrUrArGrUrCrGrArCrArUrGrUrArArArCrCrAAA; siNT2 sense: rUrGrGrUrUrUrArCrArUrGrUrUrGrUrGrUrGrATT; siNT2 antisense: rUrCrArCrArCrArArCrArUrGrUrArArArCrCrAAA; si-miR-34a Seed sense: mUmGrGrUrUrUrArCrArUrGrUrArCrUrGrCrCrATT; si-miR-34a Seed antisense: rUrGrGrCrArGrUrArCrArUrGrUrArArArCrCrAAA;
The following miRNA miRNA precursors and negative controls were used: hsa-miR-34a-5p (Ambion, Cat. No# PM11030), hsa-let-7a-5p (Ambion, Cat. No# PM10050), hsa-miR-15a-5p (Ambion, Cat. No# PM10235), and miRNA precursor negative control #1 (Ambion, Cat. No# AM17110).
Monitoring Growth over Time by IncuCyte
To monitor cell growth over time, cells were seeded between 1000 and 3,000 per well in a 96-well plate in triplicates. The plate was then scanned using the IncuCyte ZOOM live-cell imaging system (Essen BioScience). Images were captured every six hours using a 10× objective. Cell confluence was calculated using the IncuCyte ZOOM software (version 2015A).
RNA-Seq Analysis
For RNA-Seq data in Figure 3E 50,000 cells/well HeyA8 cells were reversed transfected in 6-well plates with 10 nM of either pre-miR-34a or si-miR-34a Seed with their respective controls. The transfection mix was replaced 24 hours after transfection. The cells were lysed in QIAzol Lysis reagent (Qiagen, Cat. No# 79306) 48 hours 10 after transfection. Total RNA was isolated using the miRNeasy Mini Kit (Qiagen, Cat.No# 74004) following the manufacturer's instructions. An on-column digestion step using the RNAse-free DNAse Set (Qiagen, Cat.No# 79254) was included for all RNA-Seq samples. The RNA libraries were prepared and sequenced as previously described in (22) at the Genomics Core facility at the University of Chicago. Reads were aligned to the hg38 version of the human genome, using STAR v2.5.2. Aligned reads were associated with genes using HTSeq v0.6.1, and the UCSC hg38 transcriptome annotation from iGenomes. Differentially expressed genes were identified using the edgeR R package.
Data Analyses
GSEA was performed using the GSEA software version 3.0 from the Broad Institute downloaded from https://software.broadinstitute.org/gsea/. A ranked list was generated by sorting genes according the Log 10 (Fold Downregulation). The Pre-ranked function was used to perform GSEA using the ranked list. 1000 permutations were used. Default settings were used. The ~1800 survival genes and ~420 nonsurvival genes defined previously (Putzbach, Gao, Patel, van Dongen, et al., 2017) were used as custom gene sets. Default settings were used.
Sylamer analysis (van Dongen, Abreu-Goodger, & Enright, 2008 ) was used to find enrichment of small word motifs in the 3'UTRs of genes enriched in those that are most downregulated. A list of 3'UTRs was generated by eliminating repetitive regions as described previously (Putzbach, Gao, Patel, van Dongen, et al., 2017) to use for the Sylamer analysis. Default settings were used. Bonferroni adjusted p-values were calculated by multiplying the unadjusted p-values by the number of permutations for each length of word searched for.
The GO enrichment analyses shown in Figures 2B and Figure S3A were performed using the GOrilla GO analysis tool at http://cbl-gorilla.cs.technion.ac.il using default setting and a p-value cut-off of 10 -11 . The GO enrichment analyses shown in Figure 3E was done using the DAVID GO tool (v. 6.8) at https://david.ncifcrf.gov/home.jsp.
Plots showing the contribution of the four nucleotides G, C, A and U at each of the 6mer seed positions were generated using the Weblogo tool at http://weblogo.berkeley.edu/logo.cgi.
The Ingenuity Pathway Analysis (IPA) software from QIAGEN was used to identify the pathways enriched in the top 4288 genes with the highest PWM scores (>400). A list of the 4288 genes was used as the input for the core analysis provided by the IPA. The two miRNA networks shown in Figure S4 were identified as the top two Top Regulator Effect Networks by the core analysis.
All probability density plots comparing the distribution of either the nucleotide content or position of the first best match in the 3'UTR were generated using the R package ggplot2 ( Figure 2C, Figure 2D , Figure S3B , and Figure S3C ). The peaks for each probability distribution in the density plots were also calculated in R.
The PWMScore tool scores nucleotide sequences based on matches to a sequence motif represented by a position weight matrix (PWM) or a base probability matrix. Two scoring methods can be applied: i) the 'sum occupancy score', which sums over all motif matches weighted by their respective strengths or ii) the 'best single match scoring' mode, which reports the score of the best single match within the sequence, together with the location of all best hits. More details about the arithmetic of score computation can be found on the Web server (http://ccg.vital-it.ch/pwmtools/pwmscore.php). Here, all human 3'UTRs were scored for the best single match in the forward direction, using a PWM that represents the nucleotide composition of the 20 most toxic seeds.
To compare the nucleotide content of the 3'UTR of genes with the highest versus the lowest PWM scores, the 3'UTR of all human genes were extracted as previously described (Putzbach, Gao, Patel, van Dongen, et al., 2017) and nucleotide content was calculated using an Excel script. The 4288 genes with the highest PWM scores (>400) and the 4834 genes with the lowest scores (<90) were then extracted. The whole set of genes used in the PWM analysis (18,795 genes total) was used as the background control ( Figure S3B) . Similarly, to compare the nucleotide content of the 3'UTR of survival genes versus nonsurvival genes, 1840 survival genes (out of 1882) and 411 nonsurvival genes (out of 423) that were included in the PWM analysis ( Figure 2C) .
To compare the position of the first best match for the toxic versus non toxic matrix in the 3'UTRs, only genes with the highest PWM scores for either the toxic matrix (4288 genes) or the nontoxic matrix (8162 genes) were considered. To examine the distribution of the first best match position within the first 1000 bp after the start of 3'UTRs, 2623 genes in the toxic matrix (out of 4288) and 4902 genes (out of 8162) that had their first best match position within the first 1000 bp were included in the density plot in Figure 2D . To exclude a confounding effects of the 3'UTR length, genes with 3'UTR length less than 1000 bp were eliminated in the next analysis which included 1803 genes in the toxic matrix and 3627 genes in the non toxic matrix ( Figure 2D , right panel). The distribution of the positions of the best first match in either the toxic matrix or the nontoxic 6mer seed matrix in the 3'UTRs of survival genes or nonsurvival genes were done in a similar fashion. For the toxic matrix, 574 survival genes and 131 nonsurvival genes with the first best match position within the first 1000 bp and with 3'UTR length longer than 1000 bp were plotted (Figure S3C, left) . For the nontoxic matrix, 618 survival genes and 132 nonsurvival genes with the first best match position within the first 1000 bp and with 3'UTR length longer than 1000 bp were plotted (Figure S3C, right) .
Relation between miRNA Seed Conservation and Age and Toxicity
Information on miRNA seed family conservation and seed sequence were downloaded at http://www.targetscan.org/vert_71/ from TargetScan Human 7.1. The toxicity of each mature human miRNA arm sequence in the TargetScan dataset was assigned according to the toxicity induced by the siRNA in HeyA8 siRNA screen harboring the identical 6mer seed sequence. A list of miRNA ages corresponding to ~2500 microRNA loci was acquired from Patel and Capra and was calculated using a modified version of ProteinHistorian (V. D. Patel & Capra, 2017) . This list was used to assign ages to roughly 1400 mature miRNA arms found in the TargetScan dataset.
TargetScan 7.1 partitions the seed family conservation into four groups: highly conserved (group #2), conserved (group #1), low conservation but still annotated as a miRNA (group #0), and low conservation with the possibility of misannotation (group #-1). Probability density plots for the assigned seed-dependent toxicity were generated for each seed family conservation group using ggplot2 in Rstudio. Probability density plots were also generated to show how young (<10 million years) and old (>800 million years) miRNAs compare in terms of the seed-dependent toxicity. Further partitioning of the miRNAs according to their predicted age was done so we could analyze how age affects the nucleotide composition of the seed. We also analyzed how seed compositions differed between different seed family conservation groups. Nucleotide composition was visualized using probability density plots. Nucleotide composition at each individual position in the seed was also assessed. All differences between groups in terms of seed-dependent toxicity and nucleotide composition in the seed were analyzed using a two-sample two-tailed Kolmogorov-Smirnov test. Comparison of seeddependent toxicity was also made between the predominantly-and lesser-expressed arms by assigning toxicity, according to the HeyA8 cell screen, to human miRNA-1 to 500, plus let-7. The miRNA genes from this list were then assigned as either tumor suppressive or oncogenic based on the literature and then ranked from most to least toxic seed sequence (see Figure 4D ).
Statistical Analyses
Continuous data were summarized as means and standard deviations (except for all IncuCyte experiments where standard errors are shown) and dichotomous data as proportions. Continuous data were compared using ttests for two independent groups. Comparisons of single proportions to hypothesized null values were evaluated using binomial tests. Statistical tests of two independent proportions were used to compare dichotomous observations across groups. Pearson correlation coefficients (r) and p -values ( Figures S1B, S1C, S2A) were calculated using StatPlus (v. 6.3.0.5). Kolmogorov-Smirnov two-sample two-sided test was used to compare different probability distributions shown in all density plots and in Figure 4D .
Data Availability
RNA sequencing data generated for this study is available in the GEO repository: GSE111379 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE111379, reviewer access token: srileyyktjctduz). All 6mer seed toxicity data of the 4096 siRNA screen in HeyA8 and M565 cells are available in searchable form at http://6merdb.org. 
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Figure legends:
Figure 1: A comprehensive screen to identify the most toxic 6mer seeds. (A) Schematic of the siRNA backbone used in the 4096 seed duplexes toxicity screen. 2'-O-methylation modifications at position 1 and 2 of the passenger strand were added to prevent passenger strand loading (marked by red Xs) (Murmann et al., 2018) . The nucleotides that remained constant in all the duplexes are in blue. The variable 6mer seed sequence is in red and boxed in blue. (B) Results of the 4096 6mer seed duplex screen in HeyA8 cells. Cells were reverse transfected in triplicates in 384 well plates with 10 nM of individual siRNA. The cell viability of each 6mer seed duplex was determined by quantifying cellular ATP content 96 hours after transfection. All 4096 6mer seeds are ranked by their effects on cell viability from the most toxic (left) to the least toxic (right). Rankings of the 6mer seeds of four previously characterized CD95L derived siRNAs (siL1, siL2, siL3, and siL4) are highlighted in red. The top 200 toxic seeds (cell viability <10%) are highlighted in pink and the bottom 200 least toxic seeds (cell viability >100%) are highlighted in green. (C) Cell viability of the 19 seed duplexes with the highest content (>80%) in the 6mer seed region for each nucleotide group in two human and two mouse cell lines: HeyA8 (first row), H460 (second row), 3LL (third row), and M565 (last row). The G-rich seeds are in red, the C-rich seeds are in orange, the A-rich seeds are in blue, and the U-rich seeds are in green. The purple box highlights an example of reduced toxicity in all four cell lines (grey stippled line) caused by moving an A from the 5' to the 3' end of the 6mer seed. p-values between groups of duplexes were calculated using Student's ttest. The reverse complement of the toxic matrix was used as the input for the PWMScore analysis to search for potential targets of the toxic seeds. (B) Results of a GOrilla gene ontology analysis using a gene list ranked by the PWM matrix match score with the toxic matrix in their 3'UTRs ranked from the highest to the lowest score. Only GO clusters that had a significance of enrichment of at least 10 -11 are shown. (C) Comparison of nucleotide content between a group of ~1800 genes critical for survival (SGs) and a control set of ~400 genes that are not required for survival (nonSGs) (Putzbach, Gao, Patel, van Dongen, et al., 2017) (right panel). p-values were calculated using a two-sample two-sided K-S test comparing the density distribution of SGs and nonSGs. Peak maxima are given.
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(D) Distribution of the location of the best first match in target sites of either the toxic or the nontoxic 6mer seed matrix in the 3'UTRs. Left: the best first match to the matrix is shown for all 3'UTRs of genes with the highest PMW Score (2623 genes with the toxic matrix and 4902 genes with the nontoxic matrix) regardless of length. Only the best first match positions that are within first 1000 bases were analyzed. Right: The same analysis on the left but only genes with 3'UTRs 1 kb or larger were analyzed (1803 genes with the toxic matrix and 3627 genes with the nontoxic matrix). Peak maxima are given. p-values were determined using the K-S test. (E) Contribution of synonymous single nucleotide mutations that result in a loss of Cs (blue column) to all documented point mutations (white column) across 27 human cancers ranked according to their mutational load. (D) 780 miRNAs ranked according to the ratio of viability of the seed (as determined in the seed screen) of the predominantly expressed and the lesser-expressed arm. Established oncogenic miRNAs are shown in green, tumor-suppressive miRNAs are shown in red. The predominant arm is given for each miRNA (in parenthesis). p-value of the distribution of oncogenic versus tumor suppressive miRNAs was calculated using KS test. (E) Cumulative read numbers from the 5p or the 3p arm (according to miRBase.org) of three oncogenic and three tumor-suppressive miRNAs with the highest (top three) or lowest (bottom three) ratio of the viability of the predominant versus the lesser arm. The viability numbers of the matching 6mer seeds according to the 
Figure S3
: Link between high toxic PWM score and nucleotide content in survival and nonsurvival genes.
(A) Results of a GOrilla gene ontology analysis using a gene list ranked by the PWM matrix match score with the toxic matrix in their 3'UTRs ranked from the lowest to the highest score. Only GO clusters that had a significance of enrichment of at least 10 -11 are shown. (B) Comparison of nucleotide content in 3' UTRs of genes with either a high toxic matrix match score (>400, n=4288) (Top), or a low matrix match score (<90, n=4834) (Bottom). Density plot of individual nucleotide content of all genes is shown for comparison. K-S test was used to calculate p-values for the difference between top and bottom genes. (C) Distribution of the location of the best first match in target sites of either the toxic matrix (left panel) or the nontoxic 6mer seed matrix (right panel) in the 3' UTRs of survival genes (SGs) or nonsurvival genes (nonSGs). The analysis was performed as described in Figure 2D , right panel. The nontoxic matrix is shown on the far right. Peak maxima are given. NS= not significant.
Figure S4: Ingenuity pathway analysis identifies miRNAs with G rich seeds to target survival genes.
Top two Top Regulator Effect Networks identified by IPA regulated by miRNAs with G-rich seeds. The top 4288 genes with the highest PWM score (>400) were analyzed. Seed toxicity (percent survival) of the 6mer of the shown miRNA is given in red.
Figure S5: Loss of Gs with increasing conservation of miRNAs.
Nucleotide composition of each of the 6 seed positions in either poorly conserved (left), moderately conserved (center), or highly conserved miRNA seed families (right). Note: The most toxic CD95L derived siRNAs we tested, siL3 (UAUGGG) and siL2 (GAGAGC), and miR-34a-5p (GGCAGU), all contain three Gs in their 6mer seed. Supplemental Tables   Table S1: Results of the seed toxicity screens in HeyA8 and M565 cells. The top 200 most toxic and bottom 200 least toxic duplexes (to HeyA8 cells) are highlighted in red and green, respectively. An additional tab lists the siRNA duplexes that were super toxic to both HeyA8 and M565 cells. Table S2 : Matrixes used for the PWM analysis. Nucleotide compositions of the 20 most toxic and 20 least toxic 6mer seed duplexes that was used to generate the PWM matrices (the reverse complement of these matrices). Table S3 : Results of RNA Seq analysis of HeyA8 cells transfected with either pre-miR-34a or miR-34a Seed . Table S4 : Ratio of 6mer seed toxicity of the predominantly expressed versus the lesser expressed arm of all miRNAs.
